Background/Aims: To investigate the effect of Astragaloside IV (AS-IV) on the regulation of the TGF-β1/Smad signaling pathway in peritoneal mesothelial cells with an epithelial-tomesenchymal transition (EMT). Methods: EMT of human peritoneal mesothelial cells (HMrSV5) was induced using 2 ng/ml TGF-β1. Cells were randomly divided into a vehicle group, a vehicle group with AS-IV, a TGF-β1 treated group, and a TGF-β1 treated group receiving varied doses of AS-IV or NAC. Real-time quantitative PCR and western blot were used to detect the expression of genes and proteins associated with the TGF-β1/Smad signaling pathway and EMT. DCFH-DA was used to detect the generation of ROS in HMrSV5 cells, and a transwell migration assay was used to verify the capacity of AS-IV to inhibit EMT in HMrSV5 cells. Lentiviruses were used as carriers for the overexpression or knockdown of the Smad7 gene. Results: Expression levels of E-cadherin (epithelial marker) was decreased and vimentin, α-SMA (EMT markers) and collagen I (extracellular matrix protein) phospho-Smad2/3, Snail1 and Snail2 was increased significantly in the TGF-β1-treated HMrSV5 cells. AS-IV was associated with downregulated expression of vimentin and phospho-Smad2/3 in a dose-dependent manner, while the expression of Smad7 increased. Silenced or forced expression of Smad7 verified its role in the inhibitory effect of AS-IV on TGF-β1-induced EMT in HMrSV5 cells. Conclusion: AS-IV effectively promotes the upregulation of Smad7 in the TGF-β1/Smad signaling pathway during the EMT of HMrSV5 cells, indicating its potential therapeutic effect for the control of PF.
Introduction
Continuous ambulatory peritoneal dialysis (CAPD) has become widespread in patients with end-stage renal disease because peritoneal dialysis (PD) patients exhibit better survival compared with hemodialysis (HD) patients during the first 2 years of dialysis treatment [1] . However, long-term exposure to PD fluid and recurrent episodes of peritonitis result in morphologic and functional changes of the peritoneal membrane, also known as peritoneal fibrosis (PF) [2] . Pathologic changes in the peritoneal membrane include a loss of the mesothelial cell layer and a thickening of the submesothelial layer that features increased myofibroblasts, collagen deposition, and new blood vessels [3] [4] [5] . These changes to the peritoneal membrane ultimately contribute to ultrafiltration failure, resulting in technique failure and discontinuation of PD therapy [6] . Consequently, the most important challenge currently faced in PD is the prevention of PF and the long-term preservation of peritoneal membrane structure and function [7] .
Interestingly, various traditional Chinese medicine materials have been shown to safely suppress the pro-inflammatory and pro-fibrotic pathway and control PF in several in vivo and/or in vitro studies [8] [9] [10] . Astragaloside IV (AS-IV, shown in Fig. 1 ) is a saponin purified from Astragalus membranaceus that has been routinely used to treat various diseases in China [11] . It has been reported that AS-IV has healing and anti-scar effects on wound repair, and the accepted underlying mechanisms include both promoting angiogenesis and collagen synthesis and decreasing the levels of collagen I/III and TGF-β1 secretion by fibroblasts [12] . Moreover, AS-IV shows anti-fibrotic effects on renal fibrosis, hepatic fibrogenesis and myocardial fibrosis [13] [14] [15] [16] .
Epithelial-to-mesenchymal transition (EMT), a reversible process in which epithelial cells transdifferentiate into cells with mesenchymal characteristics, is widely considered to be a crucial process in fibrosis [17, 18] . EMT in mesothelial cells is a critical step in the pathogenesis of PF, and this process is essential for the development of encapsulating peritoneal sclerosis (EPS) [18] [19] [20] [21] [22] . However, the protective effects of AS-IV against EMT still need to be elucidated. It has been reported that several growth factor and cytokine factor signaling pathways (TGFβ1, FGF, EGF, HGF, Wnt/β-catenin, and Notch) participate in EMT [23] . We found that Astragalus membranaceus inhibited PD-induced PF via the TGF-β pathway [8] . Here, we used TGF-β1-induced EMT in mesothelial cells to investigate the role of AS-IV in EMT and to elucidate the underlying molecular mechanisms.
Materials and Methods

Cell Lines, Culture Conditions and Treatment with Reagents
Human peritoneal mesothelial cells (HMrSV5 cells ATCC) were cultured in DMEM supplemented with 10% (v/v) heat-inactivated fetal calf serum (Invitrogen) and 100 U/ml penicillin/streptomycin (Invitrogen). Cells were maintained at 37ºC in a humidified environment (5% CO2 and 95% air), and the culture medium was replaced every 2 days. All experiments were carried out 24-48 h after cells were seeded in culture plates. Cells were permitted to attach for 24 h and to grow to 75% confluence. To induce EMT, HMrSV5 cells were treated with TGF-β1 (2 ng/ml) (R&D Systems, Minneapolis, MN) for the indicated times. AS-IV (Chiatai Qingchunbao Pharmaceutical) was dissolved in DMSO for a stock concentration of 10 mg/ml. The highest final concentration of DMSO in the medium was 0.1% to avoid affecting cell viability. Except for transwell migration assays, all experiments were carried out after incubation for 24 h.
Cell viability assay
Cell viability was measured in a 96-well plate using a quantitative colorimetric assay (counting kit-8 (CCK-8) assay kit; Dojindo, Kumamoto, Japan). Cells were seeded in 96-well plates in triplicate, and various treatments were applied to the wells. After these treatments, the CCK-8 solution (10 µL) was added to each well and the wells were incubated for another 2 h at 37°C. Absorbance was measured at 450 nm (Bio-Tek, Elx800, USA). GTC TCT GGT CTA CTG ATGTC-3'; GAPDH sense, 5'-TGC ACC ACC AAC TGC TTAGC-3', reverse, 5'-GGC ATG GAC TGT GGT CAT GAG-3'. S ABI SYBR Green Master Mix (Invitrogen) was used according to the manufacturer's protocol. All mRNA quantification data were normalized to human GAPDH as an endogenous control for mRNA detection. The data were processed using the 2-ΔΔ Ct method.
Western blotting
Treated cells were rinsed three times with ice-cold PBS and lysed using RIPA buffer (Beyotime, Hangzhou, China) according to the manufacturer's instructions. The lysates were centrifuged at 12,000×g at 4°C for 10 min, and the supernatants were used for western blotting. The protein concentration was measured using the BCA Protein Assay Kit (Thermo, USA). Equal amounts (25 µg/lane) of protein were subjected to 10% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, USA). The membranes were blocked with 5% skim milk in TBST at room temperature for 2 h and then incubated with primary antibodies at 4°C overnight. The membranes were subsequently incubated with secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit IgG (diluted 1:5,000) (Santa Cruz Biotechnology, Texas, USA) for 1 h. Membranes were exposed using the ECL system (Millipore, Bedford, USA). The following primary antibodies were used: E-cadherin(Cell Signaling Technology, Boston, USA), Collagen I (Cell Signaling Technology, Boston, USA), phospho-Smad2/3 (Cell Signaling Technology, Boston, USA), Smad2/3 (Cell Signaling Technology, Boston, USA), vimentin (Cell Signaling Technology, Boston, USA), α-SMA (Abcam, Cambridge, UK), TGFRB1 (Santa Cruz Biotechnology, Texas, USA), TGFRB2 (Santa Cruz Biotechnology, Texas, USA), Smad7 (Cell Signaling Technology, Boston, USA) and GAPDH (Cell Signaling Technology, Boston, USA). Expression levels were normalized to GAPDH.
Cell infection
To establish stable knockdown and overexpression cell lines, the lentiviral vectors pLV-Smad7-inhibitor (target sequence: 5' AAGGTTGCATACTGAGCCAAG 3') and pLV-Smad7-overexpression (NM-005904), along with the packaging plasmid mix, were purchased from Shanghai GenePharma Co., Ltd (Shanghai, China). Individual plasmids and the packaging mix were co-transfected into HEK293TN packaging cell lines using Lipofectamine2000. The culture supernatant was concentrated using the Lenti-pac lentivirus concentration solution (Genecopoeia, Guangzhou, China). The control plasmid provided with the lentivirus kit was processed as described above to obtain the control pseudovirus (sequence: 5' GTCCCGGATACCTAATAAA 3'). HMrSV5 cells were incubated with the lentiviruses in the presence of 2 μg/mL polybrene (Gibco, CA, USA) and were cultured with 2 μg/mL puromycin (Sigma, CA, USA) for at least 96 h to select the stably transfected cells.
Transwell migration assay
Cell migration was determined using a polycarbonate membrane cell culture insert (Costar, Corning Incorporated, NY) as previously described. Cells were resuspended in DMEM medium containing 1% FBS and seeded onto the top of the wells at a density of 1×10 5 cells/well. Cells were allowed to migrate the pores on the culture insert filled with medium containing 10% FBS for 6 h. Non-migrating cells on the upper
surface of the membrane were removed with a cotton swab, and the migrating cells on the lower surface of the membrane were fixed and stained with Giemsa. Migrating cells were counted using a microscope.
Measurement of ROS levels
Intracellular ROS generation was detected using 2', 7'-dichlorofluorescin diacetate (DCFH-DA) (KeyGEN Biotech, China). For measurement of intracellular ROS levels, cells were incubated for 15 min with 2.5 µmol/ml DCFH2-DA at 37ºC for 30 min in the dark. After two washes with PBS, the cells were analyzed using a fluorescence microscope (Olympus BX 51, Tokyo, Japan). Cells with green fluorescence were considered ROS-positive cells. The mean fluorescence density of ROS generation was captured using a fluorescence microscope (Olympus BX51, Olympus, Tokyo, Japan) and processed using Image J software (NIH). At least 50 cells were randomly selected from a single captured field, and the average nuclear fluorescence intensity was calculated. Data points presented in the text are the averages calculated from five different fields..
Statistical analysis
Data from at least three independent experiments are presented as the means ± standard error of the mean (SEM) using the SPSS 19.0 statistical software. The differences between treatment groups were analyzed using Student's t-test or one-way analysis of variance (ANOVA), followed by the Student-NewmanKeuls (SNK) test. P values of <0.05 from a two-tailed test were considered to indicate statistical significance.
Results
AS-IV had almost no effect on cell growth and apoptosis
According to the results from a CCK-8 assay, HMrSV5 cells treated with up to 400 μg/ml AS-IV for 72 h exhibited neither enhanced cell proliferation nor apoptosis ( Fig. 2A and 2B ).
AS-IV attenuates TGF β1-induced EMT by inhibiting the activation of Smad2/3
After treatment with 2 ng/ml TGF β1 for 24 h, expression levels of E-cadherin was decreased and vimentin, α-SMA and collagen I was increased markedly. These results were accompanied by enhanced expression of phospho-Smad2/3, indicating that activation of Smad2/3 is involved in TGF β1-induced EMT and fibrosis. Pretreatment with AS-IV attenuated the activation of Smad2/3 and the expression of EMT and ECM markers in HMrSV5 cells (Fig.  3A-3F ). These observations suggested that AS-IV treatment can inhibit TGF β1-induced EMT via the Smad2/3 pathway. These results were also confirmed by the expression of Snail1 and Snail2 mRNA (downstream of Smad2/3) ( Fig. 3G and 3H) . manner( Fig. 4A-4C ) .Okado et al showed that Smad7 is induced by TGF-β in mesangial cells [24] . However in present study, we did found AS-IV (200 and 400 ug/ml) treatment upregulated the expression of Smad 7 both in mRNA and protein levels in HMrSV5 cells. TGF-β1 reduced the Smad 7 expression in protein level but did not affect the expression of Smad 7 mRNA in HMrSV5 cells (Fig. 4D) . Our results were different from previous literature [24] . This may be due to the difference between mesothelial cells and mesangial cells. As we expected, the expression of TGFBR1 and TGFBR2 did not change with either TGF β1 or AS-IV treatment.
AS-IV-mediated attenuation of TGF β1-induced EMT is independent of its antioxidant effect
After treatment with 2 ng/ml TGF β1 for 24 h, ROS levels were markedly increased. Both AS-IV and N-acetylcysteine (NAC, oxygen radical scavenger 100 nM) attenuated this increase ( Fig. 5A and 5B), which indicated the antioxidant effect of AS-IV. However, NAC treatment did not affect the TGF β1-induced activation of Smad2/3 and EMT in HMrSV5 cells (Fig. 5C-5F ). These results suggested that AS-IV-mediated attenuation of TGF β1-induced EMT is independent of its antioxidant effect.
Smad7 plays a key role in the inhibitory effect of AS-IV on TGF β1-induced EMT
To further elucidate the function of Smad7 in the EMT, we generated stable cell lines using expressing Smad7 and Smad7 inhibitors or their scrambled controls with lentiviral constructs inducing or inhibiting Smad7 expression. Western blot analysis confirmed (Fig. 6A-6C ). These results were confirmed by the transwell migration assay (Fig. 6D and 6E ). All the above results suggested that Smad7 plays a key role in the inhibitory effect of AS-IV on TGF β1-induced EMT.
Discussion
PD remains the initial treatment for patients with end-stage renal disease. In the past few years, it has become clear that TGF β1-induced EMT is a crucial process in the development of PD-related complications such as recurrent episodes of peritonitis, inadequate dialysis 5 . Effects of Astragaloside IV on reactive oxygen species (ROS) production, activation of Smad2/3 and expression of Smad7 in TGF-β1-treated HMrSV5 cells. Cells were divided into a vehicle group (cells treated with 0.1% DMSO), a TGF-β1 group (cells treated with 10 ng/ml TGF-β1), an AS-IV + TGF-β1 group (cells pretreated with AS-IV at 400 μg/ml 2 h prior to 2 ng/ml TGF-β1) and an NAC + TGF-β1 group (cells pretreated with NAC at 100 nM 2 h prior to 2 ng/ml TGF-β1). After incubation for 24 h, DCFH-DA fluorescence in cultured cells was analyzed by fluorescence microscopy (A). The quantification of fluorescence intensity is presented in the bar graphs (B). Representative immunoblots of p-Smad, Smad2/3, Smad7 and Vimentin are shown in (C), and GAPDH served as a loading control. Relative intensity of p-Smad/Smad2/3, Smad7/ GAPDH and vimentin/GAPDH is shown from (D) to (F). *p<0.05 vs. vehicle group, #p<0.05 vs. TGF-β1 group, n=3. phosphorylated Smad2/3 and Smad4 translocate to the nucleus, where they cooperate with transcription factors such as Snail and Twist to repress the expression of epithelial markers and activate the expression of mesenchymal markers. This signaling is referred to as TGF-β-activated Smad signaling in EMT [27] [28] [29] . Similar to previous studies, 2 ng/ml of TGF-β1 decreased expression of epithelial markers, increased expression of mesenchymal markers, which was accompanied by an increase in Smad2/3 activation (increased expression of phospho-Smad2/3) in HMrSV5 cells. A western blot assay revealed that, compared to the TGF-β1-treated cells, AS-IV pre-treatment resulted in decreased expression of mesenchymal markers and phospho-Smad2/3 (Fig. 3A-3F) . Furthermore, AS-IV treatment also decreased Snail1 and Snail2 (downstream of phosphorylated Smad2/3) at the mRNA level ( Fig. 3G and  3H ). These results indicated that the inhibitory effect of AS-IV on TGF-β1-induced HMrSV5 cell EMT is mediated by the suppression of Smad2/3 activation, which is consistent with previously published data on other epithelial cells [12, 30] .
The inhibitory activity of Smad7 also serves as a key regulator for TGF-β1 signaling. Smad7 interferes with TGF-β1/Smad signaling through the recruitment of E3 ubiquitin ligases leading to the degradation of receptors, and through an interaction with GADD34 that inactivates Smad2/3 to inhibit downstream signals of TGF-β1 [31] [32] [33] [34] . In this study, we reported the signature of AS-IV treatment in Smad7 expression and determined that Smad7 plays an important role in the inhibitory effect of AS-IV on TGF-β1-induced EMT. Firstly, increased Smad7 expression induced by AS-IV correlated with decreased EMT and activation of Smad2/3 in a dose-dependent manner. Secondly, the high expression level of Smad7 did not correlate with the expression of TGF-β receptors (Fig. 4) . These results indicated that the inhibitory effect of AS-IV on TGF-β1-induced HMrSV5 cell EMT is mediated by the enhanced expression of Smad 7.
Oxidative stress plays a vital role in TGF-β1/Smad signaling, and reactive oxygen species (ROS) are the major free radical source of this stress. TGF-β1 stimulates the production of ROS in various types of cells, while ROS activate TGF-β and mediate many of TGF-β's fibrogenic effects [35] [36] [37] [38] . Recent literature has provided evidence suggesting that ROS generation induces EMT in lung epithelium [39, 40] . On the other hand, AS-IV was reported as an antioxidant agent that could ameliorate podocyte apoptosis and prevent mesangial cell injury by inhibiting ROS production and oxidative stress [41, 42] . To investigate the relationship between EMT and oxidative stress in HMrSV5 cells and the role of the antioxidant effect of AS-IV on TGF-β1/Smad signaling and EMT, we detected ROS generation by DCFH-DA staining and the expression of a mesenchymal marker (vimentin) and phosphorylated Smad2/3 by a western blot assay. As shown in Fig. 5A and 5B, after treatment with TGF-β1, significantly increased ROS generation was found in HMrSV5 cells. AS-IV recovered TGF-β1-induced increases in ROS, similar to the effect of NAC (the ROS scavenger), which is consistent with previous studies. Furthermore, AS-IV also significantly decreased phosphoSmad2/3 levels and EMT induced by TGF-β1 and increased expression of Smad 7 in HMrSV5 cells. In contrast, NAC treatment did not impair Smad2/3 activation and EMT (Fig. 5C-5F ). These results indicated that TGF-β1-induced EMT in HMrSV5 cells is ROS-independent.
To further confirm the role of Smad 7 in the inhibitory effect of AS-IV on TGF-β1-induced EMT, we generated Smad7 overexpression and Smad7 knockdown cell lines (the expression of Smad 7 was confirmed in Fig. 6 ). As shown in Fig. 6A-6C , enforced Smad7 expression resulted in decreased expression of vimentin induced by TGF-β1. The knockdown of Smad7 restored the suppressive effect of As-IV on TGF-β1-induced EMT. On the other hand, EMT is an evolutionarily-conserved development process, accompanied by the loss of epithelial polarity and the gain of motile characteristics of mesenchymal cells. Therefore, enhanced cell migration is implicated in the progression of EMT [43] . In this study, we found that TGF-β1 increased the percentage of transmigrated cells compared to control cells, verifying its capacity to induce EMT. AS-IV treatment and enforced Smad 7 expression reduced transmigrated cells compared with TGF-β1-treated cells. The knockdown of Smad 7 in HMrSV5 cells resulted in increased cell transmigration in cells treated with AS-IV and TGF-β1 ( Fig. 6D and 6E) . These results verified the role of Smad7 in the effect of AS-IV on EMT.
In our study, the effects of AS-IV on the TGF-β1/Smad signaling pathway and TGF-β1-induced EMT have been studied in HMrSV5 cells. These findings provide some novel findings in HMrSV5 cells. First, TGF-β1 is a signature of EMT in peritoneal mesothelial cells. Second, the findings of this study establish a direct link between AS-IV and TGF-β1 during EMT. Finally, this is the first study to describe Smad 7 as a direct target of AS-IV. Our findings also suggest that AS-IV may be a good therapeutic agent for the control of PF in terms of EMT.
